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Abstract 
In the past few decades, energy scientists have focused on "renewable energy”, and solar energy in 
particular. Several technologies are commercialized for utilizing solar energy in the buildings by 
absorbing solar radiation and converting it to heat and electricity. These technologies can be categorized 
into the passive and active systems. A special case is a commercial greenhouse, which can be considered 
a passive solar building. A greenhouse is a structure which is covered by a transparent device such as 
glass in order to use solar energy while controlling the temperature, humidity and other parameters 
according to the requirements for cultivation and protection of the particular plants. The cooling demand 
in the commercial greenhouses is commonly supplied by e.g. ventilation and thermal screen. In the 
ventilation method a portion of the absorbed solar energy will be lost through ventilation windows and by 
applying the solar shielding, solar radiation will be blocked. In this study, by considering the solar blind 
concept as an active system, PVT panels are integrated to absorb the surplus solar heat (instead of 
blocking) which is then stored in a thermal energy storage for supplying a portion of the greenhouse 
heating demand at a later time. The overall objective of this study is to assess the potential of cutting 
external energy demand as well as maximizing solar energy utilization in a commercial greenhouse for 
Northern climate condition. Thus, a feasibility assessment has been carried out, examining various system 
configurations with the TRNSYS tool. The results show that the heating demand for a commercial closed 
greenhouse with solar blind is reduced by 80%, down to 62 kwh/m2 as compared to a conventional 
configuration. Also the annual total useful heat gain and electricity generation by solar blind in this 
concept is around 20 kwh/m2 and 80kwh/m2, respectively. The generated electricity can be used for 
supplying the greenhouse power demand for e.g. artificial lighting and other devices. Moreover, the 
cooling demand in a closed greenhouse is reduced by 60% by considering the solar blind system.  
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1. Introduction 
Energy efficiency in commercial greenhouse is a challenging sustainability task for the next decade, since 
it is of importance for high product yield in the agricultural sector, but with conventional technology also 
an energy intensive industry. The total energy demand in the commercial greenhouse in Sweden, in 2008, 
was exceeding 1 TWh [1]. Of this, 65% to 85% is used to cover the annual heating demand [2].  As it 
shown in the Figure 1, more than 60% of the annual heating demand in the Swedish commercial 
greenhouses is supplied by biomass; while, the fossil fuel is still considered as one of the main external 
energy sources by supplying more than 20% of heating demand in the greenhouse sector [3]. Therefore, 
there is a large potential in the commercial greenhouse sector for CO2 emission reduction by cutting the 
heating demand.  
 
 
Figure 1 energy sources for commercial greenhouse in Sweden [3] 
 The main source of heat loss in the conventional greenhouses is through ventilation windows [4]. These 
windows are used to avoid overheating in the sunny warm days, especially in summer. In addition, they 
are used to regulate the humidity level inside the greenhouse. Therefore, it is quite usual to open the 
ventilation windows and running the heating system in order to keep the temperature and humidity level 
in the desirable range [5]. The innovative concept of a closed greenhouse has been considered for some 
decades now [6], with recent studies showing that the annual heating demand for a commercial 
greenhouse in a Northern climate can be reduced by 80% using this concept [7, 8].  In a closed 
greenhouse, there is no ventilation window and the excess heat in both forms of sensible and latent heat is 
harvested and stored for covering the heating demand at a later time [9, 8]. There are several seasonal 
thermal energy storage methods which can be considered in this concept. However, borehole thermal 
energy storage (BTES) is more likely to be used since the availability of other types of seasonal storage 
methods, such as aquifer thermal energy storage, are limited due to the geological issues. A short term 
storage can also be considered to eliminate the daily mismatch in the heating and cooling demand as well 
as handling the hourly fluctuations in demand. A heat pump can be coupled to the BTES in order to 
provide the required temperature in the heat exchangers inside the greenhouse for heating purpose. 
Therefore, in the closed greenhouse concept, the external energy source is replaced by electricity demand 
for running the electrical devices for cooling purpose (i.e. pumps and fans) in addition to the heat pump 
which is used for heating purpose [7]. 
 Amir Vadiee and Viktoria Martin /  Energy Procedia  57 ( 2014 )  2023– 2032 2025
Although the highest energy saving can be achieved by a fully closed greenhouse concept, it may not be 
considered as the best climate mitigation method. The mitigation achieved will depend on the energy mix 
providing electricity, as well as the fuel replaced by the “closed greenhouse concept”. For example, if the 
fuel is biomass, a very limited CO2 emission reduction will be accomplished. The CO2 emission 
corresponding to the heating demand in a conventional greenhouse has been calculated for 1000 m2 
cultivation area and the results are presented in the table 1.  
 
Table 1 CO2 emission by a conventional greenhouse based on different utilized energy source for supplying the heating demand 
Greenhouse Energy Source Biomass Fuel oil Electricity Natural Gas 
CO2 Emission (ton per 1000 m2) 25 106 73 97 
 
As shown, by considering the biomass as the energy source in the greenhouse, the CO2 emission is about 
25 ton per 1000 m2 of greenhouse. For a closed greenhouse, however this amount is about 28 ton per 
1000m2 of closed greenhouse. This is based on this fact that the electricity used in the closed greenhouse 
is not totally generated from the renewable sources. Based on the EU-27 energy mix, in 2009, about 25% 
of total gross electricity is generated by coal while 23% and 3% of the generated electricity is supplied by 
conventional power plant which used natural gas and fuel oil, respectively [10].  
 
Thus, an alternative way is needed in order to reduce the external electricity demand in the closed 
greenhouse, to further cut the CO2 emission. Here, the cooling demand and the corresponded electricity 
consumption by fans and other electrical driven cooling device can be an important target. Thermal 
screen is an effective method to reduce the overheating (cooling demand) inside the greenhouse by 
blocking the solar energy radiation [11]. Here, a “Solar-blind system” is proposed, where surplus solar 
radiation is absorbed by PVT panels (instead of blocking) and stored for supplying a portion of 
greenhouse heating demand at a later time. By considering the solar blind system, not only the cooling 
demand is expected to be reduced considerably, but also a part of electricity demand can be supplied by 
the generated electricity from the PVT panels.  
The overall objective of this study is to assess the potential of cutting external energy demand as well as 
CO2 mitigation by considering the solar blind system and compare it with closed greenhouse concept as 
well as conventional greenhouses. Therefore, an energy analysis is proposed for this concept using a 
transient system simulation tool (TRNSYS).  Eventually, the system performance is assessed over a range 
of operating set point temperature for the solar blind system. 
2. Methodology and assumptions 
The solar blind system is a series of PVT panels which can rotate about their axis. Figure 2 illustrate the 
schematic of solar blind system for both of in and out of operation condition. 
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Figure 2 Schematic profile view of Solar blind 
As a rule of thumb, the allowable greenhouse indoor temperature range is between 18oC to 30oC 
depending on the cultivating crop [12]. Therefore, the minimum allowable set point operative temperature 
for solar blind system needs to be chosen between 18oC and 30oC. In this study, a sensitivity analysis is 
also considered, in order to evaluate the effect of set point temperature on the system performance.   
There is another set point temperature which is regarding to the heating and cooling system inside the 
greenhouse. in this study, 20⁰C is chosen as the heating set point in the greenhouse and 25⁰C is 
considered for cooling set point temperature.  
 
A single gable closed greenhouse has been modeled based on a previously published closed greenhouse 
model which has been validated with real measured data [8].  Then the PVT panels (solar blind system) 
are coupled to the greenhouse. The main input data for the closed greenhouse model is summarized in 
table 2.  
Table 2 TRNSYS input data using in closed greenhouse model  
Closed Greenhouse  input data 
Type  single gable ideal closed greenhouse 
Location Stockholm 
Orientation East_West  
Weather data Meteonorm library (Type 109 in TRNSYS) 
Area 100 m2  
Glazing Infrared Anti-Condensate glazing polycarbonate, (IRAC)” with an outer layer of 
polyethylene U=1,4; R=2;τ=0,76 
Walls U-value = 0,7 Wm-2K-1 ; Solar Absorptance = 0,6; thickness =8 cm   
Ground U-value = 0,3 Wm-2K-1 ; Solar Absorptance = 0,8; thickness =42 cm   
Roof tilt angle 30 degree 
Occupancy  Max 25 person (in working hour between 8:00 – 18:00  
Infiltration ratio 0,5 h-1 (ACH) in working hour 
Lighting system High pressure sodium light ; Total input=400W;Efficeincy=117(lumen/W); Light 
Equipment Efficiency = 0,85 ; Room lighting efficiency =0,6 ;   
 
The tilt angel is chosen to 30 degrees which is close to the optimal collector slope value in Sweden for 
summer time [13]. In order to prevent the freezing problem in winter, the working fluid inside solar 
panels is assumed to be water and glycol solution (Cp=3.85 kJ/kgK). A water storage tank has been 
considered as daily storage while borehole storage has been chosen as seasonal storage system. More 
detailed assumptions on the input data for the solar blind model are summarized in table 3.
a) Out of operation 
 (unshade mode) 
b) In operation 
 (shade mode) 
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Table 3  TRNSYS input data using in solar blind system model 
Solar blind system input date 
Collector length 20 (m) 
Collector width 3.5 (m) 
Absorber plate thickness 0.0005 (m) 
Thermal conductivity of the 
absorber 
1386.0  (kJ/hr.m.K) 
Number of bending  per module 10 
Tube diameter 0.01 (m) 
Resistance of substrate material 0.01 (h.m2.K/kJ) 
Resistance of back material 3.0   (h.m2.K/kJ) 
Fluid specific heat 3.85 (kJ/kg.K) 
Reflectance 0.15 Fraction) 
Emissivity 0.9  (Fraction) 
3. Results and discussion 
 
The most challenging issue in the closed greenhouse concept is to control the overheating and keep the 
indoor climate condition in the desirable range [9]. According to the closed greenhouse principle, the 
excess heat will be harvested and stored in order to cover the greenhouse heating demand instead of using 
other external energy sources such as fuel oil. Based on former studies, this excess heat is almost three 
times more than the heating demand. The ratio between the excess heat and the heating demand is called 
“surplus energy ratio” (SER) which is defined in the following equation [8]. 
 
SER= (Annual excess heat) / (Total annual heating demand) (Equation 1) 
 Where, the total excess heat definition is given in equation 2 
  
Total excess heat = total heat gain by solar blind + excess heat due to the closed greenhouse 
overheating – closed greenhouse heating demand (Equation 2) 
 
As defined in equation 2, the total annual excess heat consists of the amount of heat absorbed by the solar 
blind system, but also by excess heat to be removed in addition from the greenhouse. 
 
The higher SER has a direct impact on the seasonal TES sizing which has the main contribution in the 
capital investment costs [7]. A previously presented thermoeconomic analysis concluded that it is cost-
effective to keep the SER above but close to one [7].  
 
Here, a comparative study has been carried out, analyzing the solar-blind system for various set point 
temperatures: 18⁰C, 22⁰C, 25⁰C, 28⁰C and 30⁰C. The greenhouse indoor temperature in all proposed 
conditions is varying between 16⁰C to 28⁰C while the set point temperature for heating and cooling 
system inside the greenhouse is defined as 20⁰C and 25⁰C.   
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Here, the results show that the maximum cooling reduction (80%) in this concept can be achieved by 
considering 18⁰C as the set point temperature, while the cooling demand will reduced by 20% when the 
highest allowable set point temperature will be chosen (shown in Figure 3). 
 
 
 
Figure 3 the effect of solar blind set point operating temperature effect on the greenhouse cooling demand   
It has to be noted that the summation of cooling demand (greenhouse excess heat) and the heat gains from 
the solar blind system should not be lower than the heating demand in order to keep the SER above one. 
The SER is calculated for the proposed set point temperature variation and the result is shown in Figure 4. 
 
 
Figure 4 effect of solar blind set point operation temperature on surplus energy ratio (SER) 
 
It can be concluded from Figure 4 that the solar blind set point operation temperature needs to be higher 
than 24⁰C in order to keep the SER above one.  Therefore, the range of set point temperature for the solar 
blind system can be chosen between 25⁰C and 30⁰C. The result shows that, by considering a higher set 
point temperature (i.e. for example 30⁰C), the number of solar blind’s operation hour as well as total heat 
gain and electricity generation will be reduced correspondingly. The total heat and electricity production 
by solar blind system is shown in the Figure 5.   
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Figure 5 total heat and electricity generation by means of solar blind system 
 
Although the heat gain from the solar blind will be reduced by increasing the set point temperature, but 
the total excess heat will be increased.  
 
The available excess heat can be utilized for covering a portion of the annual heating demand of 
neighboring conventional greenhouse. Furthermore, the generated electricity may also partially supply the 
greenhouse electricity demand for artificial lighting system. Figure 6, presents the solar blind system 
contribution for covering the heating and electrical demand in a conventional greenhouse. The annual 
heating and electrical demand, for the conventional greenhouse is obtained from the reference model; 
which are 300 kWhm-2 and 170kWhm-2 respectively [7]. 
 
  
Figure 6 effect of solar blind operation set point temperature on supplying EL and heating demand 
As it shown in Figure 6, up to 40% of a conventional greenhouse electrical demand can be supplied by 
the solar blind system for the minimum allowable set point temperature (25⁰C), however by considering 
this set point temperature, less than 5% of greenhouse heating demand may covered using generated heat 
in the solar blind system. Furthermore, by considering the maximum allowable set point temperature 
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(30⁰C), almost 30% of greenhouse heating demand will be covered while less than 10% of electrical 
demand can be meet by the solar blind system. Based on the obtained results, presenting in Figure 6, 
28⁰C appears to be close to optimal set point temperature where the heating and electrical demand can be 
covered more than 20% by solar blind system.  
Therefore, by integrating the solar blind system with the closed greenhouse, the overall annual energy 
demand will be reduced 33% which has a direct impact on the CO2 mitigation. The amount of CO2 
emission in a closed greenhouse integrated with solar blind system will then be reduced from 28 to 18.5 
ton per 1000 m2 greenhouse area. Table 4, compare the amount of CO2 emission reduction in 1000 m2 
closed greenhouse with and without considering the solar blind system. 
 
Table 4 A comparison in CO2 reduction for closed greenhouse with and without considering the solar blind system  
Conventional Greenhouse Energy Source Biomass Fuel oil Electricity Natural Gas 
CO2 emission reduction in closed 
greenhouse without solar blind system -11% 74% 62% 71% 
CO2 emission reduction in closed 
greenhouse with solar blind system 26% 83% 74% 81% 
 
 
 
Here, the closed greenhouse has a negative impact on climate mitigation, in the case where a conventional 
greenhouse is using biomass as the external energy sources for heating. This means the CO2 emission is 
not reduced in comparison with the conventional greenhouses for in this condition. However, combining 
the closed greenhouse with the solar blind system such that a portion of the electrical demand is provided 
by the PVT panels, the CO2 emission can be reduced by 26% as compared to a conventional greenhouse 
using biomass. Furthermore, more than 75% CO2 emission reduction can be achieved in case of using 
fuel oil, electricity and natural gas as the external energy source for heating purpose in the greenhouse.  
 
 
4. Concluding remarks 
Climate mitigation is important also for the agricultural sector. In this study, a closed greenhouse concept 
integrated with a PVT-based solar blind system is introduced as a promising climate mitigation method 
for the commercial greenhouses. The solar blind system consists of a series of thermal photovoltaic solar 
collectors which can used as solar shielding to reduce the cooling demand in the closed greenhouse, while 
at the same time collect heat and generate electricity. With this innovative system, the external energy 
demand in the closed greenhouse can be reduced by more than 30% which leads to considerable CO2 
emission reduction in comparison with a conventional greenhouse.  In addition, depending on the set 
point operation temperature, 10%  to 40% of closed greenhouse electrical demand can be covered by the 
electricity generated PV-technology. The results show that the optimal set point operation temperature is 
28 such that the solar blind system starts to work if the greenhouse indoor temperature exceeds this 
temperature.  
In conclusion, the solar blind system has a great potential in climate mitigation by reducing the total 
energy demand in the commercial greenhouse. In Sweden, as the case study, by replacing all conventional 
greenhouses to the closed greenhouse integrated with solar blind system, not only more than 1TWh/year 
external energy demand in the agricultural sector will be reduced but also between 195kton to 2.5Mton 
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CO2 emission can be mitigated annually depending on the present external energy source used in 
conventional greenhouses. 
Although, the closed greenhouse with solar blind system, theoretically, is the most energy efficent 
commercial greenhosue but a thermoeconomic analysis is also needs to be considered in the future studies 
to assess the cost effectiveness of this concept. 
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Nomenclature 
 
BTES borehole thermal energy storage  
EU-27  European union -27 countries 
PVT thermal photovoltaic solar cell 
SER Surplus energy ratio 
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